Electrolyte transport through and between airway epithelial cells controls the quantity and composition of the overlying liquid. Many studies have shown acute regulation of transcellular ion transport in airway epithelia. However, whether ion transport through tight junctions can also be acutely regulated is poorly understood both in airway and other epithelia. To investigate the paracellular pathway, we used primary cultures of differentiated human airway epithelia and assessed expression of claudins, the primary determinants of paracellular permeability, and measured transepithelial electrical properties, ion fluxes, and La 3؉ movement. Like many other tissues, airway epithelia expressed multiple claudins. Moreover, different cell types in the epithelium expressed the same pattern of claudins. To evaluate tight junction regulation, we examined the response to histamine, an acute regulator of airway function. Histamine stimulated a rapid and transient increase in the paracellular Na ؉ conductance, with a smaller increase in Cl ؊ conductance. The increase was mediated by histamine H1 receptors and depended on an increase in intracellular Ca 2؉ concentration. These results suggest that ion flow through the paracellular pathway can be acutely regulated. Such regulation could facilitate coupling of the passive flow of counter ions to active transcellular transport, thereby controlling net transepithelial salt and water transport.
Electrolyte transport through and between airway epithelial cells controls the quantity and composition of the overlying liquid. Many studies have shown acute regulation of transcellular ion transport in airway epithelia. However, whether ion transport through tight junctions can also be acutely regulated is poorly understood both in airway and other epithelia. To investigate the paracellular pathway, we used primary cultures of differentiated human airway epithelia and assessed expression of claudins, the primary determinants of paracellular permeability, and measured transepithelial electrical properties, ion fluxes, and La 3؉ movement. Like many other tissues, airway epithelia expressed multiple claudins. Moreover, different cell types in the epithelium expressed the same pattern of claudins. To evaluate tight junction regulation, we examined the response to histamine, an acute regulator of airway function. Histamine stimulated a rapid and transient increase in the paracellular Na ؉ conductance, with a smaller increase in Cl ؊ conductance. The increase was mediated by histamine H1 receptors and depended on an increase in intracellular Ca 2؉ concentration. These results suggest that ion flow through the paracellular pathway can be acutely regulated. Such regulation could facilitate coupling of the passive flow of counter ions to active transcellular transport, thereby controlling net transepithelial salt and water transport.
claudin ͉ histamine ͉ paracellular pathway A irway epithelia determine the quantity and composition of the overlying liquid (1) (2) (3) . Two parallel pathways control transepithelial electrolyte transport, the cellular pathway and the paracellular pathway. The cellular pathway comprises the epithelial cells with their distinct apical and basolateral membranes containing channels, transporters, and pumps. Together, they generate active (and sometimes passive) transepithelial ion transport. The paracellular pathway provides a route for passive transepithelial transport, with ions moving in either direction driven solely by their electrochemical gradient. The permeability and ion selectivity of the paracellular pathway is critical for establishing or dissipating ion concentration gradients and hence for determining the ionic composition of the apical compartment and net volume flow. Thus, cellular and paracellular pathways must work in concert, being functionally matched to meet the transport requirements of a specific tissue.
The paracellular pathway is formed by tight junctions, located near the apical side of the cells, and the lateral intercellular spaces, where adjacent epithelial cells interdigitate and are held together by scattered adherens junctions (4) (5) (6) . Tight junctions form the functional and structural boundary that separates apical and basolateral compartments. Importantly, they also determine the ion transport properties of the paracellular pathway. Tight junctions are comprised of a complex of proteins that includes claudins, which determine the ion selectivity and conductance of the paracellular pathway.
Identification of claudin mutations associated with human disease have emphasized their importance in maintaining barrier function and ion selectivity (7) . Overexpression, knockout, knockdown, and mutagenesis studies have suggested the properties of individual claudins (5, 8, 9) . However, because most epithelia express multiple different claudins, the properties conferred by individual claudins remain uncertain and appear to depend on context, including the cell type and presence of other claudins. Moreover, claudins form homooligomers and heterooligomers, both within the same cell and across adjacent cells (8, 10) .
Regulation of tight junction function is also poorly understood. Previous work on individual claudins showed that several contain a C terminus subject to phosphorylation, which may modify claudin localization or paracellular permeability (11) (12) (13) (14) . However, for the reasons outlined above, ascribing causal mechanisms to specific modifications has remained difficult. Acute regulation of tight junction function is even less well understood. One example is apical Na ϩ -coupled glucose entry into small intestinal epithelial cells, which triggered an acute increase in paracellular permeability (15, 16) . The increase involved disruption of tight junction integrity with contraction of the actomyosin ring and dilations within the tight junctions.
Previous work in airway epithelia showed that several hormones, peptides, neurotransmitters, and other agents regulate electrolyte transport through the cellular pathway (1) (2) (3) 17) . In many cases, ligands alter transcellular ion transport within seconds. Because both the cellular and paracellular pathways determine net transport, we hypothesized that the paracellular pathway might be regulated in parallel with the cellular pathway. To test this hypothesis, we chose histamine as an agonist. First, it has a rapid and transient local effect after its release by mast cells (18) . Second, it can acutely regulate active transcellular ion transport (19, 20) . Third, it is a physiological regulator of epithelial function and may be involved in airway disease (21) . Fourth, previous studies indicated that histamine acutely increases transepithelial electrical conductance (G t ) in airway epithelia (19, 22) . In endothelia and cell lines, activation of histamine receptors disrupts the interaction of vascular endothelial-cadherin with the vimentin cytoskeleton to increase paracellular conductance (G p ) (23) . Those studies focused on histamine's effect on adherens junctions, but whether tight junction function is also altered was not addressed. Therefore, in this study we tested the hypothesis that histamine might acutely regulate tight junction permeability in airway epithelia. nonciliated, nongoblet columnar cells. To assess the claudin expression profile, we used RT-PCR and detected transcripts for occludin and claudins 1, 3, 4, 7, and 16 and variant 2 of claudin 10, but not claudin 2 or variant 1 of claudin 10 (Fig. 1A) . As an additional test for airway epithelial claudins, we used immunocytochemistry (Fig. 1B) . When viewed en face, claudins 1, 3, 4, and 7 appeared in a cobblestone pattern typical of tight junction proteins (5, 6, 8) . In vertical sections, they localized at the apical side of tight junction cell-cell contacts and along the lateral cell membrane, as reported for other epithelia (5, 6, 8) . There was little, if any, claudin expression in basal cells. We did not detect claudin-2 expression in airway epithelia, although we detected it in Madin-Darby canine kidney (MDCK) II cells used as a positive control. Thus, as with many other epithelia (6, 8) , airway epithelia express multiple claudins. Our data agree with earlier studies reporting that primary cultures of airway epithelia express claudins 1, 3, 4, and 7, but not claudins 2, 5, 6, 9, 10, 11 or 15 (25, 26) . One difference is that we detected claudin-10 variant 2 (but not variant 1) and claudin 16, whereas they were not detected in another study (25) . The reason for this minor discrepancy is uncertain, but might relate to the low level of claudin expression and limitations of antibody detection.
Distinct Airway Epithelial Cell Types Express the Same Claudins.
Expression of multiple claudins raised the question of whether distinct cell types express the same claudins. As a test, we examined junctions between 2 identical cell types; if a claudin appeared at this location, we concluded that the specific cell type expressed it. We identified ciliated cells with antibodies to acetylated ␣-tubulin (27) and goblet cells with antibodies to mucin Muc5AC (28) . Claudins 1, 3, and 7 localized to tight junctions between neighboring ciliated cells and between neighboring goblet cells and to junctions between nonidentical cell types ( Fig. 2) . Thus, both ciliated and goblet cells express claudins 1, 3, and 7.
The Airway Epithelial Paracellular Pathway Is Cation-Selective. To investigate the paracellular pathway, we sought to eliminate the contribution of ion flow through the transcellular pathway. Therefore, we used cystic fibrosis (CF) epithelia that lack CF transmembrane conductance regulator (CFTR) anion channels, and we added amiloride to inhibit epithelial Na ϩ channels (ENaC). Thus, unless otherwise noted, all functional studies used CF epithelia; CF epithelia express the same pattern of claudins by immunostaining and have a similar paracellular ion selectivity. We measured the relative selectivity of the paracellular pathway for Na ϩ vs. Cl Ϫ (P Na /P Cl ) by reducing the apical bathing solution NaCl concentration from 135 to 60 mM ( Fig. 3A and B). We measured the changes in V t under open-circuit conditions and used them to calculate P Na /P Cl . Under baseline conditions, the paracellular pathway was cation-selective ( Fig. 3 C-E), which is consistent with an earlier report (25) .
Histamine Transiently Increases G P and P Na /P Cl . When we added histamine, G t increased to a peak within 45 s and then returned to baseline values ( Fig. 3 A-C and Fig. S1 ). In these epithelia lacking CFTR and with ENaC inhibited, histamine-induced changes in G t reflect predominantly changes in G p . Histamine had little effect on V t . Although there was substantial variability between cultures from different donors, histamine transiently increased G t in all epithelia.
Histamine also increased P Na /P Cl (Fig. 3D ). The increase was rapid and transient and paralleled the increase in estimated G p . We used the changes in G t and P Na /P Cl to calculate the estimated paracellular Na ϩ and Cl Ϫ conductances (G Data are stacks of images, and therefore the claudin immunostaining appears slightly blurry in some panels. 60ϫ magnification. Experiments were performed twice with epithelia from 2 different donors.
( Fig. 3E) . We found no relationship between either basal G t or P Na /P Cl and the histamine-induced changes in G t , P Na /P Cl , or individual conductances.
Although airway epithelia can express Ca 2ϩ -activated Cl Ϫ channels, the small transient V t depolarization after histamine application was in the opposite direction expected for activation of a Cl Ϫ channel. For example, activating the CFTR Cl Ϫ channel in non-CF epithelia hyperpolarized V t (Fig. S2) . As a control, we repeated the experiments in the presence of 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (DIDS), which inhibits these channels, and found that the effect of histamine on estimated G p was unaltered (Fig. S3) . If there were any component of Ca 2ϩ -activated Cl Ϫ conductance, these calculations would overestimate the increase in G Cl p . We also considered that if histamine simply disrupted tight junction integrity, then P Na /P Cl would fall rather than increase. Consistent with this prediction, we treated epithelia with EGTA (5 mM) to chelate Ca 2ϩ , disrupt Ecadherin-based cell-cell contacts, and increase G p (29) . We applied EGTA only briefly so that it increased G t to approximately the same extent as occurred with histamine (Fig. S4) . As predicted, P Na /P Cl fell. In addition, the EGTA-induced changes did not rapidly reverse. These data indicate that the increased P Na /P Cl is not caused by a nonspecific disruption of the paracellular pathway, but rather are caused by a specific effect on tight junctions.
Histamine Interacts with the H1 Receptor to Increase Paracellular Na ؉ Conductance. To determine which histamine receptor increases G p and P Na /P Cl , we used the histamine H 1 antagonist pyrilamine and H 2 antagonist cimetidine. Neither antagonist alone had an effect on the paracellular pathway (Fig. S5) . Although cimetidine had a partial effect, pyrilamine abrogated the effect of histamine on estimated G p and P Na /P Cl (Fig. 4) . These results are consistent with an earlier study suggesting that histamine H 1 receptors are responsible for changes in G t (19, 22 (30) . In contrast, activation of the histamine H 2 receptor primarily increased intracellular cAMP (31) . Those observations plus the rapid time course of the G Na p changes suggested that a [Ca 2ϩ ] i elevation was responsible for the increase in estimated G p and P Na /P Cl . To test this hypothesis, we treated epithelia with the Ca 2ϩ chelator 1,2-bis-(o-aminophenoxy)-ethane-N,N,NЈ,NЈ-tetraacetic acid tetraacetoxymethyl ester (BAPTA-AM) and found that it eliminated the effect of histamine on G t and P Na /P Cl ( Fig. 5 A and B) . Likewise, treating epithelia with thapsigargin to deplete intracellular Ca 2ϩ stores abolished the response to histamine. These results suggest that a histamine-stimulated increase in [Ca 2ϩ ] i increased estimated G p and P Na /P Cl . We tested this hypothesis directly by applying the Ca 2ϩ ionophore ionomycin. Ionomycin increased estimated G p , P Na /P Cl , and Na ϩ conductance (Fig. 5  C-E) . In contrast, adding forskolin and 3-isobutyl-1-methylxanthine (IBMX) to increase cellular levels of cAMP failed to alter G p or P Na /P Cl . Thus, interventions that prevent an increase in [Ca 2ϩ ] i inhibited the response to histamine and increasing [Ca 2ϩ ] i increased estimated G p and P Na /P Cl .
Histamine Increases Passive Transepithelial Na ؉ Flux. Finding that histamine augmented paracellular cation conductance predicted that it would increase transepithelial Na ϩ fluxes. In CF epithelia treated with amiloride, the Na ϩ fluxes from the apical to basolateral surface and from the basolateral to apical surface were not significantly different, and thus net Na ϩ flux was not different from 0 (Fig. 6A) . Histamine induced an abrupt and transient increase in unidirectional Na ϩ flux without inducing a net Na ϩ flux. We also repeated the flux experiments in non-CF epithelia treated with GlyH-101 to inhibit CFTR Cl Ϫ channels (32); we used non-CF epithelia because of limited availability of CF epithelia. There was no net Na ϩ or Cl Ϫ flux and the 2 unidirectional fluxes were combined. Histamine transiently increased transepithelial Na ϩ but not Cl Ϫ flux (Fig. 6B) . These flux experiments support the conclusion that histamine transiently increases tight junction permeability to Na ϩ . They are also consistent with an earlier study of canine tracheal epithelium under short-circuit conditions, which showed that histamine increased the passive (basolateral to apical) Na ϩ flux without altering the passive (apical to basolateral) Cl Ϫ flux (19) .
Histamine Increases Tight Junction Permeability to Lanthanum Without Inducing Morphological Alterations. As an independent method of testing the effect of histamine on paracellular permeability, we examined the movement of lanthanum (La 3ϩ ) through tight junctions by using transmission electron microscopy (TEM) (33) . La 3ϩ is an electron dense element with a hydrated radius (0.4 nm) similar to that of Na ϩ (0.3 nm). Under basal conditions, La 3ϩ crossed tight junctions and moved into the lateral intercellular space in 13% of junctions (Fig. 7) . However, 45 s after adding histamine, we found that La 3ϩ crossed 32% of tight junctions to label the lateral intercellular spaces. In keeping with the transient nature of the increase in estimated G p and Na ϩ fluxes, by 10 min after histamine treatment the percentage of La 3ϩ -labeled paracellular pathways had decreased to 19%. As a control, we treated epithelia with EGTA to open tight junctions (29) and found that La 3ϩ labeled 54% of lateral intercellular spaces.
Examination by TEM revealed no detectable alterations in the morphology of the tight junctions or lateral intercellular spaces (Fig. 7) . As an independent assessment for altered structure, we immunostained epithelia for ZO-1, claudin 1, and claudin 7, and we examined rhodamine-phalloidin staining of F-actin. Histamine did not alter their appearance or distribution (Fig. S6) . Thus, histamine increased tight junction permeability to a polyvalent cation without inducing morphological alterations that were detectable by TEM or a redistribution of several tight junction-associated proteins.
Discussion
Our data indicate that tight junctions can rapidly change their selectivity for cations vs. anions with histamine stimulation. The increased paracellular Na ϩ conductance, transepithelial Na flux, and La 3ϩ permeability all indicate a substantial transient elevation of paracellular Na ϩ permeability without morphological changes. This enhanced selectivity points to a tight junction function different from previous studies exploring interventions that disrupt tight junction integrity.
Several observations argue that alterations in tight junctions were responsible for the histamine-induced changes. First, we used several methods (transepithelial dilution potentials, transepithelial passive ion fluxes, and tight junction penetration of La 3ϩ ), and all suggested that histamine increased paracellular permeability. Second, the tight junction is the epithelial structure that determines paracellular ion selectivity, and thus increased ion selectivity implicates changes in tight junction function. In contrast, when we disrupted tight junctions and increased G p by chelating extracellular Ca 2ϩ , P Na /P Cl fell. Third, an increase in transcellular conductance does not explain the changes. CFTR Cl Ϫ channels were lacking in these CF epithelia, and amiloride inhibited ENaC Na ϩ channels. An increase in [Ca 2ϩ ] i can activate apical membrane Ca 2ϩ -activated Cl Ϫ channels, however, that would have reduced, rather than increased P Na /P Cl , and we obtained similar responses in the presence of DIDS, which inhibits these channels. Fourth, the effect of histamine would not be solely explained by changes in the lateral intercellular space, which lies in a series arrangement with the tight junctions. The width of the lateral intercellular space can influence G P (34) . For example, histamine has been reported to loosen adherens junctions in endothelia (35) . However, the lateral intercellular space is a watery pathway without ion selectivity (36) . Thus, increased ion flow through this space should not increase ion selectivity. Moreover, we observed no morphological changes in the lateral intercellular space (or tight junctions) like those reported to occur when cadherin interactions are disrupted by Na ϩ -coupled transport in small intestine (15) or Ca 2ϩ chelation in MDCK epithelia (29) .
Although other studies have examined tight junction regulation in airway epithelia, the changes and mechanisms differ from our findings. Inflammatory cytokines increased G p over 24-72 h, but they decreased tight junction selectivity and altered tight junction morphology (37) . In contrast to our data, azithromycin and shear stress decreased G p . The former occurred over the course of days in association with altered processing of tight junction proteins (26) , and the latter required serial activation of the transient receptor potential vanilloid-4 channel and L-type voltage-gated calcium channel (38) . Studies in other epithelia have also revealed regulation of tight junction permeability. As indicated above, Na ϩ -coupled solute entry into intestinal epithelia increases G p by disrupting tight junctions, which would be expected to reduce any ion selectivity (15) . Another example is the aldosterone-induced increase in claudin 4 phosphorylation and paracellular Cl Ϫ permeability (14, 39) . An example of a large (9-fold) increase in G p comes from studies of the Malpighian tubule of the mosquito Aedes aegypti where leukokinin stimulates a rapid and reversible increase in G Cl p (40) . Our results indicate that changes in [Ca 2ϩ ] i were required and sufficient to increase G Na p . The end target of the elevated [Ca 2ϩ ] i is almost certainly airway epithelial claudins because they establish the ion selectivity and conductance of the tight junctions. However, the processes that lie between [Ca 2ϩ ] i and the claudins remain uncertain. It could be that an elevated [Ca 2ϩ ] i leads to phosphorylation of claudins or modification of one or more of the many proteins associated with claudins and tight junctions. Deciphering the steps involved may prove challenging based on the number of claudins expressed by airway epithelia and the difficulty associated with attempts to understand how and which claudins contribute to tight junction function in other epithelia (5, 6, 8) . Nevertheless, our data obtained with histamine suggest that other agonists that elevate [Ca 2ϩ ] i might also increase paracellular pathway conductance.
It is interesting that different cell types in the airway epithelium expressed the same claudins. Because all cells touching the apical surface are exposed to the same ionic composition of airway surface liquid, a similar claudin expression profile would ensure that the paracellular pathway makes a uniform contribution to maintaining transepithelial ion and liquid transport. At present, knowledge of claudin function is insufficient to predict epithelial permeability properties. However, of the claudins we detected in airway epithelia, claudin 7 (41) and 16 (42) increase cation selectivity, whereas claudin 4 (43) reduces cation selectivity. Hopefully, future studies will allow predictions of selectivity and discover how direct or indirect claudin modifications acutely alter claudin function.
Airway epithelia exhibit 2 main transcellular processes that drive active ion transport, ENaC-dependent Na ϩ absorption and CFTR-dependent anion secretion (1-3, 29) . Under open-circuit conditions, net cationic and anionic fluxes across the epithelium must be equal, and the paracellular pathway therefore plays an important role in determining net salt movement. When ENaCdependent Na ϩ absorption dominates cellular transport, increasing G Na p would minimize net NaCl absorption by shunting Na ϩ back across the tight junctions toward the lumen, driven by the V t . Conversely, when CFTR-dependent Cl Ϫ or HCO 3 Ϫ secretion dominates cellular transport, increasing G Na p would maximize net salt secretion by providing a pathway for Na ϩ to accompany Cl Ϫ . Thus, through its regulation of tight junctions, histamine released from mast cells might transiently and locally increase the amount of NaCl, and hence liquid, on the apical surface, thereby facilitating mucociliary clearance.
Finding acute regulation of tight junction permeability and selectivity suggests the potential for involvement in disease. For example, histamine-dependent changes might contribute to the pathophysiology of asthma. In cystic fibrosis, we speculate that variations in the genes encoding tight junction proteins might affect the clinical phenotype. Finally, manipulations of tight junction function could potentially be a therapeutic strategy in airway disease, including cystic fibrosis.
Materials and Methods
Detailed materials and methods are provided in SI Text.
Primary Cultures of Differentiated Human Airway Epithelia. We used previously described methods (24) to culture differentiated human airway epithelia at the air-liquid interface. We used CF airway epithelia for all functional studies except where specifically noted. See SI Text.
RT-PCR. We used standard methods for RT-PCR. See SI Text.
Immunofluorescence. We used standard procedures for immunocytochemistry. See SI Text.
Transepithelial Electrophysiology. Epithelia were studied in Ussing chambers as described (24) under open-circuit conditions. Gt was calculated from the change in Vt induced by constant current pulses. Amiloride (100 M) was added apically, and histamine (0.1 mM) was added basolaterally. To assess P Na /P Cl , the NaCl concentration of the apical solution was reduced to 60 mM, and mannitol was added to maintain osmolarity. Changes in Vt induced by solution changes were used to calculate P Na /P Cl by using the GoldmanHodgkin-Katz equation. We calculated paracellular G Na and G Cl from the Kimizuka-Koketsu equation (44 TEM. Epithelia were treated with vehicle, histamine, or EGTA, fixed, and then incubated with apical La 3ϩ . After washing they were processed for TEM. The investigator was blinded for quantification of labeled junctions. See SI Text.
ACKNOWLEDGMENTS.
We thank Philip Karp, Tamara Nesselhauf, Pamela Hughes, and Theresa Mayhew for excellent assistance; Joseph Zabner, Michael Winter, and D. Michael Shasby for helpful discussions; John Widness and Robert Schmidt for use of their gamma counter; and the In Vitro Models and Cell Culture Core (supported in part by National Heart, Lung, and Blood Institute Grant HL51670) for cell culture. This work was supported by Cystic
